Prenatal androgenization (PNA) of female mice with dihydrotestosterone programs reproductive dysfunction in adulthood, characterized by elevated luteinizing hormone levels, irregular estrous cycles, and central abnormalities. Here, we evaluated activity of GnRH neurons from PNA mice and the effects of in vivo treatment with metformin, an activator of AMP-activated protein kinase (AMPK) that is commonly used to treat the fertility disorder polycystic ovary syndrome. Estrous cycles were monitored in PNA and control mice before and after metformin administration. Before metformin, cycles were longer in PNA mice and percent time in estrus lower; metformin normalized cycles in PNA mice. Extracellular recordings were used to monitor GnRH neuron firing activity in brain slices from diestrous mice. Firing rate was higher and quiescence lower in GnRH neurons from PNA mice, demonstrating increased GnRH neuron activity. Metformin treatment of PNA mice restored firing activity and LH to control levels. To assess whether AMPK activation contributed to the metformin-induced reduction in GnRH neuron activity, the AMPK antagonist compound C was acutely applied to cells. Compound C stimulated cells from metformin-treated, but not untreated, mice, suggesting that AMPK was activated in GnRH neurons, or afferent neurons, in the former group. GnRH neurons from metformin-treated mice also showed a reduced inhibitory response to low glucose. These studies indicate that PNA causes enhanced firing activity of GnRH neurons and elevated LH that are reversible by metformin, raising the possibility that central AMPK activation by metformin may play a role in its restoration of reproductive cycles in polycystic ovary syndrome. (Endocrinology 152: 618 -628, 2011) 
G
nRH neurons form the final common pathway for the central regulation of fertility. Alterations in GnRH pulse frequency help drive the female reproductive cycle, with lower frequencies favoring FSH release and higher frequencies favoring LH (1) . Improper patterning of GnRH release, such as that suggested by the persistent high frequency LH release in women with polycystic ovary syndrome (PCOS), is associated with infertility due to altered reproductive cyclicity, poor follicular development, and impaired ovulation (2) (3) (4) (5) .
Altered reproductive cyclicity can be programmed in several animal models, and in humans, by prenatal exposure to androgens (6) . Developing young may be exposed to androgen via environmental sources, via elevated androgens in maternal circulation as occurs in late gestation in women with PCOS (7), or via endogenous production as in congenital adrenal hyperplasia. Disrupted reproductive cyclicity in these models is often accompanied by altered gonadotropin and ovarian steroid levels and/or metabolic phenotypes (8) .
Prenatal androgenization (PNA) of female mice with dihydrotestosterone (DHT) causes irregular estrous cycles in adulthood (9, 10) . PNA mice also have elevated LH levels and increased ␥-aminobutyric acid (GABA)ergic neurotransmission to GnRH neurons (9) , both of which are consistent with increased central reproductive drive (11) . This is also consistent with studies in rats and sheep showing that androgen exposure in utero masculinizes activity of the GnRH pulse generator, generating a chronically high LH pulse frequency (12) (13) (14) . In terms of metabolism, PNA mice exhibit impairments in glucose tolerance and pancreatic islet function but do not exhibit obesity or peripheral insulin resistance (10) . Disrupted reproductive cyclicity in PNA mice is therefore likely driven in large part by developmental androgen programming of the central GnRH pulse generator.
Metformin is a biguanide antihyperglycemic agent frequently employed to treat women with PCOS, who often exhibit insulin resistance (15) (16) (17) . In addition to its metabolic effects, metformin can improve menstrual cyclicity, reduce hyperandrogenemia, and increase the rate of ovulation in PCOS (18 -22) . The predominant line of thinking is that insulin sensitization, and a subsequent reduction in insulin levels, is the primary mechanism by which metformin exerts these reproductive system effects. However, recent studies have shown that metformin can improve PCOS symptoms in normoinsulinemic women (23) (24) (25) (26) , suggesting it may have additional reproductive effects that are independent of insulin sensitization. Recently, one mechanism of action of metformin was identified to be activation of AMP-activated protein kinase (AMPK) (27) . AMPK is widely expressed and exhibits functional roles in metabolic tissues (muscle, liver, pancreas, and adipocytes) (28) , as well as the ovary (29 -32) , pituitary (33) , and hypothalamus (34 -39) , suggesting that diverse mechanisms may account for the reproductive effects of metformin. Because PNA mice exhibit altered reproductive biology but are not insulin resistant or hyperinsulinemic (10), they serve as a unique model to assess the reproductive effects of metformin that are independent of its insulin-lowering effects. Specifically, we can study the effects of metformin at the hypothalamic level by directly recording the activity of green fluorescent protein-identified GnRH neurons (40) .
This study had three aims. First, we tested whether metformin could restore estrous cyclicity to PNA mice. Second, we assessed directly the native GnRH neuron activity in PNA mice, which has not been previously characterized in any PNA model, and whether it was altered by metformin in a manner consistent with changes in estrous cycles. Third, we tested whether GnRH neurons showed changes consistent with AMPK activation after systemic metformin administration.
Materials and Methods

Generation of PNA mice
Reagents were purchased from Sigma (St. Louis, MO) unless otherwise indicated. Adult (2-4 months) female GnRH-GFP transgenic mice were used to generate PNA mice. Mice were housed under a 14-h light, 10-h dark cycle with chow (2916; Harlan, Indianapolis, IN) and water available ad libitum. Females were paired with males and checked for copulatory plugs. The date of plug was considered d 1 of gestation. Pregnant mice were injected daily sc with 50 l sesame oil containing 250 g of DHT on d 16, 17, and 18 of gestation. Control (CON) mice were offspring of oil-injected dams or untreated mice; no differences were observed between these, and they were combined for analysis. All procedures were approved by the University of Virginia Animal Care and Use Committee and conducted in accordance with the National Research Council's Guide for the Care and Use of Laboratory Animals.
Estrous cycle monitoring
Beginning at 8 wk of age, estrous cycles were monitored by vaginal cytology for 16 d before metformin administration, for the first 16 d of administration, and during the 8th to 10th week of administration. Mean cycle length was the average estrus-toestrus interval; for mice that did not enter estrus, 16 d was used as cycle length, although actual length may have been longer.
Metformin administration
A schematic representation indicating the time of metformin administration relative to physiological assessments is shown in Fig. 1 . Mice from each litter were randomized to receive either metformin or regular water. Metformin (1,1-dimethylbiguanide hydrochloride) was administered in drinking water at a dose of 2.5 mg/ml. Based on measured water consumption of approximately 4 ml/d by a 25-g mouse, this equates to approximately 400 mg/kg⅐d. This is approximately 10 times the maximum human dose (41) . However, similar high doses have been used in mice and may be necessary to induce metabolic changes in this species (42) (43) (44) . Indeed, this dose was the lowest effective in previous studies to reverse the effects of a high-fat diet on the onset of puberty in mice, without affecting growth or food and water intake (45) . No differences in water consumption were measured between metformin-treated and untreated mice in this study (data not shown).
Insulin tolerance tests (ITTs)
ITTs were performed 2 wk after the start of metformin administration. Studies were performed 10 h after lights-on in singly-housed fed mice. Although mice had free access to food before testing, their active (feeding) period normally ends at the time of lights-on. The tail was anesthetized with the skin refrigerant ethyl chloride (Gebauer, Cleveland, OH) and the tip removed with a sterile scalpel blade. Tail blood (ϳ1 l/sample) was collected for glucose measurement with a OneTouch Ultra glucometer (Lifescan, Milpitas, CA). After an initial glucose measurement, mice were injected ip with a bolus of 0.75 U/kg of insulin (Novolin R, Novo Nordisk, Denmark) in sterile 0.9% NaCl. Blood glucose was determined at 10, 20, 30, 45, 60 
Glucose tolerance tests (GTTs)
GTTs were performed after a 2-wk recovery period from ITTs (4 wk after initiation of metformin). Mice were singly housed on Sani-Chips (Harlan) and fasted overnight for 16 h (1600 to 0800 h) before the test. After a fasting glucose measurement, mice were injected ip with a bolus of 1 g/kg glucose in 0.9% NaCl. Blood glucose was assessed at 10, 20, 30, 45, 60, 75, 90 , and 120 min thereafter.
Brain slice preparation
Mice were killed on diestrus between 0900 and 1100 h (5-7 h after the time of lights-on). Blood glucose, body mass, parametrial fat mass (mass of left fat pad), and uterine mass were recorded for all mice. Brain slices were prepared with slight modifications of previously described methods (46, 47 
Electrophysiological recordings
Targeted single-unit extracellular recordings (loose patch) were used in this study, because this configuration minimally affects the intrinsic properties of the cell, including glucose metabolism, during long-term recordings (48) . Recording pipettes (1-3 M⍀) were filled with normal HEPES-buffered solution, and low-resistance (Ͻ50 M⍀) seals were formed between the pipette and the GnRH neuron. Recordings were made in voltage-clamp mode with the pipette holding potential at 0 mV, and signals were filtered at 10 kHz. Experiments were performed using an EPC 10 amplifier and Patchmaster software (HEKA Electronics, Lambrecht/Pfalz, Germany). Cells targeted for recording were located in preoptic and septal areas of hypothalamus. In some cells, the AMPK antagonist compound C (CC) (40 M) was acutely applied for 10 min after a 45-to 60-min baseline recording. In another subset of cells, the effect of a 10-min application of 0.2 mM glucose was tested after a 10-min CON recording period.
Hormone measurements
All hormones were measured in serum from random-fed mice exhibiting diestrous vaginal cytology on the day of killing. LH was measured using a two-site sandwich immunoassay with a sensitivity of 0.07 ng/ml (49 -51) . Testosterone was measured in serum using a RIA kit according to the manufacturer's instructions (catalog no. TKTT2; Siemens Medical Solutions, Los Angeles, CA). Sensitivity was 7.5 ng/dl. Serum androstenedione was measured using a RIA kit (catalog no. DSL 3800; Beckman Coulter, Fullerton, CA) with a sensitivity of 0.12 ng/ml. An adipokine panel was used to assess insulin, leptin, IL-6, TNF-␣, plasminogen activator inhibitor-1 (PAI-1), and resistin (Millipore mouse serum adipokine kit, catalog no. MADPK-71K-07; Millipore, Billerica, MA). Sensitivity was 12.2 pg/ml for resistin, 195 pg/ml for insulin, 48.8 pg/ml for leptin and PAI-1, 2 pg/ml for TNF-␣, and 5 pg/ml for IL-6. Adiponectin was measured via RIA (catalog no. MADP-60K; Millipore); assay sensitivity was 1.3 ng/ml. Inter and intraassay coefficients of variation were less than 10% for all analytes.
Analysis and statistics
PNA and CON mice with body mass more than 2 SDs from the mean (Ͼ29 g) were excluded from analysis of electrophysiology data to avoid possible confounding effects of excess adiposity on the function of GnRH neurons. Mean firing rate of GnRH neurons in CON mice less than 29 g: 0.11 Ϯ 0.04 Hz, n ϭ 17; in CON mice more than 29 g: 0.22 Ϯ 0.09 Hz, n ϭ 9; P Ͻ 0.08; in PNA mice less than 29 g: 0.32 Ϯ 0.09 Hz, n ϭ 17; in PNA mice more than 29 g: 0.60 Ϯ 0.59 Hz, n ϭ 3. The percent change in response to CC was calculated and compared among groups using Fisher's exact test and two-way ANOVA. For effects of low glucose, one-way repeated measures ANOVA with Dunnett's multiple comparison test was used to compare treatment vs. CON frequencies. ANOVA with Bonferroni or Duncan's post hoc testing was used for all other comparisons. Data are reported as mean Ϯ SEM. Significance was set at P Ͻ 0.05.
Results
Metformin has minimal effects on metabolic parameters in PNA mice
Because metformin's primary application is as an antihyperglycemic in diabetic patients, we first assessed metabolic parameters in metformin-treated mice. Food intake and body mass were not different between CON and PNA mice and were unaffected by metformin (n ϭ 11-12 per group) (Fig. 2, A and B) . Parametrial fat mass/body mass ratio (determined at euthanasia) was similar in CON and PNA mice and unchanged by metformin (CON, n ϭ 24; PNA, n ϭ 24; CON metformin, n ϭ 21; and PNA metformin, n ϭ 21) (Fig. 2C) . Random-fed blood glucose levels did not differ among groups, but fasting glucose was reduced by metformin in PNA mice (P Ͻ 0.05) (Fig. 2D) . This is consistent with the drug's primary mechanism of action to inhibit hepatic gluconeogenesis (52) and indicates that an effective dose was used. ITT and GTT were performed after 2 and 4 wk, respectively, of metformin administration. Metformin did not significantly alter either glucose disposal or insulin sensitivity in PNA mice (n ϭ 10 mice per group, P Ͼ 0.05) (Fig. 2, E and F) . Further, an adipokine panel in serum collected from random-fed mice at the time of killing showed no differences in adipokine or insulin levels (n ϭ 11-12 mice per group) ( Table 1 ). The data used to generate ITT curves for untreated CON and PNA mice were reported previously (10), as were adiponectin values from untreated CON and PNA mice (10).
Metformin restores estrous cyclicity to PNA mice
Estrous cycles were monitored before and after metformin administration in individual mice and quantified over a 16-d period (Fig. 3 ). In accordance with previous observations (9, 10), PNA mice exhibited abnormal estrous cycles before metformin administration. Cycles were lengthened, with PNA mice rarely entering estrus (Fig. 3, B and C) . After 10 wk of metformin administration, cycles in PNA mice were normalized, with mean cycle length and percent of time in estrus no longer different from CON (n ϭ 10 mice per group, P Ͻ 0.05) (Fig. 3, B and C) . In a subsequent study, cycles were monitored before and during metformin administration without interruption by metabolic testing. Significant differences in cycle duration and time in estrus were apparent by 4 wk of treatment (n ϭ 11-12 mice per group, data not shown). Cycle parameters did not change over time in mice not treated with metformin (data not shown).
PNA increases firing activity of GnRH neurons
In contrast to most mature neurons, in which GABA A receptor activation is inhibitory, due to the high intracellular chloride maintained by GnRH neurons GABA A receptor activation can excite these cells (11) . Because GABAergic transmission to GnRH neurons and LH levels were previously shown to be increased in PNA mice (9), we hypothesized that firing activity of GnRH neurons from PNA mice would be elevated. Using extracellular recordings, we assessed firing activity of GnRH neurons from PNA mice. Mean firing rate was increased, and percent and maximum duration of quiescence were decreased in GnRH neurons from PNA mice (CON, n ϭ 17 cells from eight mice; PNA, n ϭ 17 cells from 10 mice; P Ͻ 0.05 frequency and P Ͻ 0.01 percent and max duration quiescence) (Fig. 4) . Firing activity is associated with hormone secretion in other neuroendocrine systems (53) , suggesting that GnRH release may be elevated or altered in pattern in PNA mice.
Metformin reverses the increase in firing activity of GnRH neurons from PNA mice
To test whether the normalization of estrous cyclicity in PNA mice by metformin could be attributed to changes in GnRH neuron activity, we examined GnRH neuron firing rate in animals treated with metformin. Metformin treatment normalized firing activity and quiescence measures in GnRH neurons from PNA mice, without altering firing parameters of GnRH neurons from CON mice (CONϩmet, n ϭ 19 cells from eight mice; PNAϩmet, n ϭ 14 cells from seven mice; P Ͻ 0.05 frequency and P Ͻ 0.01 quiescence measures vs. PNA) (Fig.  4) . This suggested that a normalization of GnRH neuron activity by metformin may have contributed to the restoration of estrous cyclicity in PNA mice.
FIG. 2.
Metformin has minimal effects on metabolic parameters in PNA mice. A, Average daily food intake per unit body mass was similar in PNA and CON mice and unaffected by metformin (met) (n ϭ 11-12 per group). Arrow indicates start of metformin administration to treated groups. B, Body mass was unaffected by metformin (n ϭ 11-12 per group). Arrow indicates start of treatment. C, Ratio of parametrial fat pad mass to body mass was not different among groups (n ϭ 21-24 per group). D, Blood glucose levels in random-fed (n ϭ 21-24 per group) and fasted (n ϭ 10 per group) mice. Metformin significantly decreased fasting blood glucose in PNA mice. E, GTT indicated no difference in glucose tolerance among groups (n ϭ 10 per group). F, ITT showed no differences in insulin sensitivity (n ϭ 10 per group). *, P Ͻ 0.05. ns, Not significant. ITT curves from untreated CON and PNA mice were generated from data reported previously (10) 
GnRH neurons from metformin-treated, but not untreated, mice respond to an AMPK antagonist To test whether AMPK was activated in GnRH neurons from metformin-treated mice, we used the specific AMPK antagonist CC. Bath application of CC caused an increase in firing in the majority of GnRH neurons from metformin-treated, but not untreated, CON and PNA mice (Fig. 5) . The percent of cells that responded with a more than 20% increase in firing was higher in metformin-treated vs. untreated CONs (CON, 2/10 or 20% vs. CON metformin, 8/10 or 80%; P ϭ 0.023) (Fig. 5B) and similarly greater in metformin-treated vs. untreated PNA mice (PNA, 1/8 or 12.5% vs. PNA metformin, 10/11 or 90.9%; P ϭ 0.001). There was a main effect of metformin to increase the percent change in firing in response to CC (P Ͻ 0.05, two-way ANOVA) (Fig. 5C) ; post hoc testing revealed a greater percent change in metformin-treated compared with untreated CONs but not between metformin-treated PNA and either metformin-treated CON or untreated PNA. Overall, these data suggest that metformin renders GnRH neurons responsive to CC, consistent with AMPK activation in GnRH neurons or their afferents as a result of metformin administration. Adiponectin levels in untreated CON and PNA mice were reported previously (10) . met, Metformin.
FIG. 3. Metformin improves estrous cycles in PNA mice. A and B,
Representative estrous cycle plots from metformin (met)-and vehicletreated CON (A) and PNA (B) mice. c1-c4 and p1-p4 refer to individual CON and PNA mouse numbers. Daily cycle stage designated as diestrus (D), proestrus (P), or estrus (E). C, Estrous cycle length was significantly longer in PNA mice before metformin but restored to CON levels after treatment (n ϭ 10 per group). D, Percent of time in estrous was significantly lower in PNA than CON mice but no longer different after metformin. Different lowercase letters indicate groups with significantly different means. P Ͻ 0.05.
FIG. 4.
GnRH neurons from PNA mice have increased firing activity that is reversed by metformin. A, Representative graphs of firing rate over time in GnRH neurons from mice from each group. Events are binned in 60-sec intervals. B, Firing rate of GnRH neurons was higher in PNA mice (n ϭ 17 cells from 10 mice) compared with CON (n ϭ 17 cells from eight mice). Firing rate was lower in GnRH neurons from PNA mice treated with metformin (met) (n ϭ 14 cells from seven mice) but was not different in cells from CON mice on metformin (n ϭ 19 cells from eight mice). Percent quiescence (C) and maximum duration of quiescence (D) were lower in GnRH neurons from PNA mice not treated with metformin. Metformin restored quiescence measures of GnRH neurons from PNA mice but had no effect on CON mice. Quiescence is defined as 0 -1 events/ min. Different lowercase letters indicate groups with significantly different means. P Ͻ 0.05.
Glucosensing is attenuated in GnRH neurons from metformin-treated mice
Recent work in our lab has demonstrated a critical role for AMPK in glucosensing by GnRH neurons (54) . AMPK is activated by low glucose, inhibiting firing activity. We hypothesized that in metformin-treated mice, AMPK is already activated; thus, the inhibitory response to low glucose may be diminished. To test this hypothesis, firing activity was recorded for a CON period in 5 mM glucose and after a switch to 0.2 mM glucose for 10 min. All cells from untreated PNA and CON mice were markedly inhibited by low glucose (CON, n ϭ 8 cells from five mice, P ϭ 0.003; PNA, n ϭ 8 cells from four mice, P ϭ 0.0001) (Fig. 6) . However, cells from metformin-treated PNA and CON mice were less sensitive to low glucose, with the majority failing to show inhibition (metformin CON, n ϭ 6 cells from three mice, P ϭ 0.4; metformin PNA, n ϭ 8 cells from three mice, P ϭ 0.4) (Fig.  6 ). Basal firing rate in 5 mM glucose did not differ among groups in this experiment, although there was a trend for metformin to reduce firing rate (two-way ANOVA, P ϭ 0.08; main effect of metformin). It is important to point out that firing rates in this experiment differ from those in longer-term recordings (Fig. 4) , because here, only cells that were actively firing at the onset of recording were used to enable us to see a potential suppression; previously, all cells were included (if verified to be viable) to record the native firing activity. In conjunction with the above data using the AMPK antagonist, these experiments support the hypothesis that AMPK in GnRH neurons (or in the network controlling their activity) is activated by peripheral metformin administration.
Metformin reduces LH in PNA mice but does not alter androgen levels
Hormones were measured in serum samples taken at the time of killing on the day of recording from mice ex- 
FIG. 6.
Glucosensing is attenuated in GnRH neurons from metformin (met)-treated compared with untreated mice. A, Representative graphs of firing rate over time. Shaded region indicates period of low (0.2 mM) glucose application. Double-headed arrows in first graph indicate periods during which frequency was averaged for analysis. B, Firing rates in 5 mM glucose and during time intervals t1 and t2 after lowglucose application. Firing rate was significantly reduced by low glucose in GnRH neurons from untreated CON and PNA mice but not those treated with metformin (CON, n ϭ 8 cells from five mice; PNA, n ϭ 8 cells from four mice; CON metformin, n ϭ 6 cells from three mice; and PNA metformin, n ϭ 8 cells from three mice). *, P Ͻ 0.05 vs. 5 mM.
Endocrinology, February 2011, 152(2):618 -628 endo.endojournals.orghibiting diestrous vaginal cytology. Consistent with previous observations (9), LH was elevated in PNA mice (Fig.  7A , n ϭ 9 -14 per group, P Ͻ 0.05). Neither testosterone nor androstenedione were elevated, however (Fig. 7 , B and C). Metformin restored LH levels to normal in PNA mice (PNA vs. PNA metformin, P Ͻ 0.05). Metformin increased testosterone levels (n ϭ 9 -14 per group; P Ͻ 0.05 main effect of metformin) (Fig. 7B) . However, post hoc testing only found this increase significant in CONs (CON vs. CON metformin, P Ͻ 0.05). Metformin had no effect on androstenedione levels (P Ͼ 0.05) (Fig. 7C) . Uterine mass, a bioassay for estradiol levels (55), was similar among groups (n ϭ 19 -23 per group, P Ͼ 0.5) (Fig. 7D) , suggesting neither PNA nor metformin markedly altered estradiol levels.
Discussion
GnRH neuronal function is critical for fertility. Here, we demonstrate for the first time that GnRH neuronal activity is elevated in mice prenatally androgenized with DHT; this elevated activity may be causal to disrupted estrous cyclicity in these mice. Based on these findings, we tested the hypothesis that metformin can affect the reproductive system by modulating the activity of central AMPK, which is emerging as an important regulator of GnRH neuronal function. Alterations in both estrous cyclicity and GnRH neuron activity were restored to CON values by treatment with metformin. Metabolic parameters were largely unchanged by metformin, and serum androgen levels were not reduced, suggesting that metformin's effectiveness to improve reproductive cyclicity in this model was not dependent on reduction of circulating glucose, insulin, or androgens. GnRH neurons from metformin-treated mice showed changes in activity consistent with activation of AMPK, supporting a central site of metformin action. These data indicate that prenatal exposure to androgen programs altered GnRH neuron function, and suggest that one mechanism of metformin action to ameliorate infertility may be through central effects to either directly or indirectly regulate GnRH neurons. The demonstration that GnRH neuron firing activity is abnormally high in PNA mice supports and extends our previous finding of increased excitatory GABAergic transmission to GnRH neurons and elevated LH levels in these mice (9) . Firing rate has been correlated with hormone release in neuroendocrine systems (53) , suggesting that GnRH release may be elevated in PNA mice. Metformin restored GnRH neuron activity in PNA mice to CON levels. The reduction in firing activity by metformin is consistent with central AMPK activation, which has been shown to inhibit GnRH neurons in brain slices (54) and in GT1-7 immortalized GnRH neurons (56) . AMPK activation may signal low energy availability, which suppresses fertility. Interestingly, measures of firing activity of GnRH neurons did not differ between untreated and metformintreated CON mice. This was surprising, because metformin would be expected to suppress firing in CONs if it indeed activates AMPK. We surmise that chronic metformin administration may lead to compensatory mechanisms that maintain a basal level of firing because AMPK can influence cellular metabolic processes such as glucose uptake (57) that may affect excitability long term. It is also possible that assessment of firing patterns over a period longer than 1 h might reveal differences between untreated and metformin-treated CONs.
AMPK activation is typically assessed using Western blot analysis to assay for phosphorylation. Multiple studies have demonstrated AMPK phosphorylation in the brain after peripheral metformin administration (8, 36) ; however, this could not be assessed directly in GnRH neurons due to their scattered localization. Instead, we used both a pharmacological and physiological assay for AMPK activation. Acute application of the AMPK antagonist CC increased firing only in GnRH neurons from metformin-treated mice, suggesting that AMPK is activated in these neurons or their afferents remaining within the brain slice. This robust response to CC did not appear
FIG. 7.
Serum reproductive hormone levels and uterine mass. A, LH levels were elevated in PNA mice. Metformin (met) restored LH in PNA mice to the level of CON mice (n ϭ 9 -14 per group). B and C, Testosterone and androstenedione levels were not different between PNA and CON mice; metformin increased testosterone but had no effect on androstenedione levels (n ϭ 9 -14 per group). D, Uterine mass was not different among groups (n ϭ 19 -23 per group). Different lowercase letters indicate groups with significantly different means. P Ͻ 0.05.
to be simply a relief of suppression but instead an activation (i.e. GnRH neurons do not typically reach a firing rate of 4 Hz when averaged over several minutes, which some did after CC). This could represent an unmasking of compensatory mechanisms induced by long-term metformin administration. Another possibility is that AMPK phosphorylates multiple intracellular targets, and by acute antagonism, we are able to block only those with short-term effects, whereas other sustained excitatory effects remain. It is also possible that the observed effect of CC is nonspecific (non-AMPK mediated), but this would still be of interest, because the effect of CC is only observed in cells from mice treated with metformin.
Because the pharmacologic specificity of CC may not be limited to AMPK, we performed a second experiment to assess AMPK activation. Because AMPK plays a role in glucosensing in GnRH neurons (54), we tested the response to low glucose of GnRH neurons from untreated and metformin-treated mice. Consistent with enhanced basal AMPK activation, GnRH neurons from metformintreated mice were less sensitive to the inhibitory effects of low glucose. Notably, mean basal firing rate in all groups in the glucosensing study (Fig. 6 ) differed from that for long-term recordings of firing activity (Fig. 4) . This is explained by the fact that basal firing rate in Fig. 6 represents cells that were selected on the basis of being active at the time when they were patched. Quiescent cells, which occur more frequently in the CON group, were excluded from these averages; the absence of basal firing precluded testing the effects of low glucose, which suppresses firing (54) .
Because these studies were performed in whole-animal models, we cannot rule out the possibility that observed central changes were secondary to peripheral changes. Studies have shown that metformin can have direct effects in the ovary to alter morphology (58, 59) , vascularity (60) , stromal blood flow (59) , and steroidogenic function (23, 29, 30, 61, 62) . With regard to the latter, metformin has been shown to directly inhibit androgen production by theca cells in vitro (62) . A reduction in androgens would be expected to reduce GnRH neuron activity (63) . In this study, metformin increased rather than decreased testosterone levels. This contradicts a direct effect of metformin to reduce ovarian androgen production and suggests that lowered androgens result from reduced insulin levels in women with PCOS. Metformin may have altered levels of estradiol, progesterone, or other secreted ovarian factors (29, 30, 61) . These were not evaluated due to limitations in blood volume in mice, but the lack of a difference in uterine mass among groups suggested that estradiol levels were similar. Adipokines were evaluated because metformin affects adipocyte function (64, 65) and has been shown to alter secretion of adiponectin in vivo (66) and various adipokines in vitro (67) (68) (69) (70) (71) . Similar to steroids, circulating adipokines can cross the blood brain barrier and influence neuronal function (72, 73) . Of interest, adiponectin has been shown to activate AMPK in immortalized GnRH neurons (74) , as well as in other cell types (33, (75) (76) (77) . We found no changes in the circulating adipokines measured, suggesting that changes in levels of these hormones did not contribute to the observed changes in GnRH neuron activity.
Although the small blood volume of mice hinders the assessment of LH pulses, we did assess LH in single-point samples and repeated our previous finding of increased LH in PNA mice. This increase was reversed by metformin, consistent with the reduction in firing activity of GnRH neurons. Reduced LH could reflect reduced LH pulse frequency, amplitude, or both. Two studies in normal-weight women with PCOS demonstrated a decrease in LH pulse amplitude but no change in frequency after metformin administration (78, 79) ; another study in lean women with PCOS showed a decrease in overall serum LH levels after metformin (80) . LH pulse amplitude is determined by the magnitude of the GnRH stimulus as well as the response of the pituitary to GnRH, either of which could be altered by metformin or PNA. Thus, the observed postmetformin decrease in LH in this study could be due to the observed decrease in activity of GnRH neurons and subsequent reduction in GnRH release, diminished pituitary responsiveness mediated by direct effects of metformin on the pituitary (33), or both. A recent study of women with PCOS demonstrating a reduction in LH by metformin in vivo found no effect of metformin on LH release in L␤T2 gonadotroph cells in vitro (78) , suggesting that the effects in vivo may have been centrally mediated.
Other animal models of PNA have examined the effects of insulin-sensitizing agents on reproductive parameters. In PNA rhesus monkeys, which are reported to exhibit numerous PCOS-like characteristics (6), the peroxisome proliferator-activated receptor-␥ agonist pioglitazone normalized menstrual cycles in conjunction with a reduction in basal plasma insulin levels (81) . Pioglitazone had no effect on basal or human chorionic gonadotropin-stimulated testosterone production, and it increased androstenedione levels, suggesting that a reduction in androgens did not underlie improved cyclicity in this model, similar to our findings. Pioglitazone increased the basal LH/FSH ratio, suggesting a paradoxical increase in GnRH pulse frequency in this model. This suggests possible differences in the reproductive effects of various insulin-sensitizing agents. In PNA sheep, which similarly are reported to mimic some aspects of PCOS, the peroxisome proliferator-activated receptor-␥ agonist rosiglitazone halted the deterioration of estrous cycles that typically occurs in the second breeding season and improved insulin sensitivity (82) . LH levels, pulsatility, or androgen levels were not reported in the sheep study, making it difficult to ascertain the contribution of central and/or pituitary changes to the improvements in reproductive function.
The antihyperglycemic drug metformin has been used clinically for decades and has demonstrated benefits in women with PCOS, but the mechanisms by which metformin improves reproductive cyclicity in this disorder are unclear. Although no animal model can perfectly replicate a human disease, the similarity of some phenotypes of PNA animals with women with PCOS suggests common pathophysiological aspects. The findings presented in this study raise a new possibility that in addition to its metabolic effects, metformin may alter the function of the reproductive axis through central mechanisms to alter GnRH release.
